Abstract. The principle of the optical section has been used to develop a profiling attachment for CCTV pipe inspection cameras. A light source, placed in front of the camera, projects a ring of light onto the pipe wall, which is then viewed by the camera. Any distortion in the pipe wall will be made visible by the light ring. The CCTV image is digitized by an electronic frame grabber and the light ring image is located by specially developed pattern-matching software. The light ring shape is then analysed mathematically using a radial descriptor, which allows any distortion to be represented in terms of a Fourier series. The device has been tested in the laboratory and in the field, and has been used to examine pipe degradation both in sewers and in water mains.
Introduction
Internal inspection of pipes by CCTV cameras is common in many industries nowadays, particularly in the water industry, where it has been used for the past 30 years to examine the deterioration of old sewer pipes. The usual procedure requires visual examination of the TV picture during the survey, with a videotape providing a permanent record. This is a slow and tedious procedure, and relatively unskilled personnel are often used to conduct the survey in order to minimize cost. Technical assessments are then made in a central office using the videotape, plus any written comments from the survey team. The videotape remains the basic source of information and should be archived.
Changes in shape and size are very important parameters in pipe surveys, but their assessment from unprocessed video images is difficult and only changes in diameter of greater than ±10% are detectable by eye. For videotapes, the image is degraded further and only shape changes of ±20% may be detectable. Where actual measurements are essential, additional mechanical devices are passed through the pipe, but this increases the cost of surveying, and the measurements are very limited.
The authors have developed an optical technique for rapid and accurate measurement of pipe profiles during a normal CCTV survey, using a special light head attached to the camera. Repeated measurements of these profiles as the camera moves through the pipe build up a comprehensive picture of the pipe dimensions.
Measurement principles
The profiling attachment is based on the principle of the 'optical section', figure 1. A special light head is carried in front of the camera, and projects a ring line of light onto the pipe, perpendicular to the pipe's axis. The shape and size of the pipe at that section are delineated very accurately by the light ring, which is viewed by the camera. For maximum dimensional stability, a CCD camera must be used, and the connection between light head and camera should be rigid.
The light head is designed to produce an approximately Gaussian light intensity distribution on the pipe surface, spread over a distance of about 5% of the pipe diameter, figure 2. When viewed obliquely by the camera, this is effectively sharpened into a narrow band covering at least eight pixels (about 2%) of the CCD array. This allows the light head to move away from the pipe axis without seriously impairing the accuracy of measurement, which is dependent on the position of the points of maximum intensity. Variations in pipe reflectivity and wall angle also do not affect the accuracy significantly.
The electronic hardware consists of an 'image analyser' (the pipe-profile analyser in figure 1 ) which digitizes the TV picture, and analyses it to identify the light ring, which is stored as a series of coordinates and then displayed on a CRT. A critical part of this identification is the cleaning routine, which examines the profile and removes extraneous points which cannot belong to the profile shape.
The resolution of the image analyser (an intelligent frame grabber) is 384 horizontal by 288 vertical, which matches a CCD array, but matching frame grabber and camera resolutions is not essential, provided that additional calibration is carried out. Different sensitivities can be chosen ranging from a few points up to a maximum of around 800 points. For 100 points, digitizing, processing and displaying takes 3-4 s, dependent on the amount of noise present.
The profile coordinates can be output directly, for transfer to a separate computer, or processed further on the image analyser to produce a mathematical model, characterized in terms of a limited number (typically 20 or less) of 'shape descriptors'. These allow for compact storage of the profile and also immediate calculation of simple parameters, such as maximum and minimum diameters, curvatures, and other parameters of structural significance. This computation can be accomplished in 1-2 s.
Image segmentation
The image segmentation, namely identification of the light ring in the digitized image, is designed to identify a bright light ring when superimposed on a normal pipe picture of lower intensity. This requirement excluded algorithms based on maximum pixel values, and boundary tracking was unsuitable because large gaps could occur in the profile. The most reliable algorithm uses a pattern searching routine which matches the rise and fall in intensity values associated with the light ring image, see figure 3 . This pattern is given a minimum and maximum group size which are set to default values, but can be changed by the operator. A minimum tolerance is also set on the difference between the maximum and minimum intensity levels within the group pattern (this is also operator selectable), and finally there is a global threshold intensity which checks for the maximum intensity within the group. Provided that the threshold is exceeded, the group is considered a possible part of the light ring image.
As well as eliminating most of the spurious individual bright points in a digital picture, the pattern matching also excluded large blocks of brightness in the picture. After the pattern matching had found the most probable points on the profile, final filtering, or 'cleaning', of the profile points used the mathematical modelling procedure described in the next section.
The pattern matching is carried out four times: horizontally right to left and left to right; vertically top to bottom and bottom to top, in order to find the four quadrants of the profile. This avoids any group becoming too wide as the scan line becomes the tangent to the light ring.
The position of the light ring centre is taken from the pixel with the maximum intensity within the group pattern. If there are two or three pixels with the same intensity, an average position is taken (this usually occurs when the light ring saturates the CCD camera). Sub-pixel interpolation is possible by fitting a parabola to the group intensities and locating its peak value. Using this technique with some early digitized pictures of 256 × 128 resolution from a Vidicon camera (which is inherently much noisier than CCD cameras), sub-pixel interpolation with standard deviation of 0.15 pixel was obtained, but at the expense of greater processing time. With the availability of higher resolution hardware, this approach was abandoned, but it showed that precision greater by an order of magnitude is possible.
Mathematical modelling of profiles

Shape requirements
The vast majority of industrial pipes have a circular cross section and, in the water industry, many old brick sewers are also egg-shaped. Circular pipes will distort into oval shapes, hence any mathematical model of the profile has to be able to handle a wide variety of oval shapes. The problem is compounded by the fact that the profile shape is unknown until measurements have been made; hence a general analytical technique is required for shape analysis. Sharp changes in angle are unlikely to be significant, for example due to the presence of cracks, and a continuous function should represent the profile adequately. However, any technique used had to cope with gaps in the profile data, because the light ring could be lost in parts because of encrustation, holes, inlets, and so on.
Fourier analysis
Fourier analysis is particularly well suited for continuous signals and a complete profile will provide a signal repeating every 2π. The parameter to be analysed is a matter of choice, but the two most common parameters in shape analysis are angular change and radial distance.
Some preliminary work using both parameters showed that angular change required far more harmonic terms than did the radial parameter to produce a good fit and there were also problems in superimposing the angular change model onto the original data for comparison. All subsequent work used the radial descriptor.
A radial descriptor must be measured from an origin and, for profiles approximating a circle, the radial descriptor is more useful if it is measured from the centroid defined by the profile. Centroids are usually associated with areas, but in this case we can consider our profile to be the boundary of an area.
The centroid can be calculated by the moment-area
where (x,ȳ) are the coordinates of the centroid, A is the area and X and Y are the extreme limits of the area. Using Green's theorem [1] , we reduce the double integral to a single integral and, for a digitized boundary, we can convert the continuous integral into a summation. Hence
(2) with similar relationships for the other integrals.
The accuracy of this method depends on the spacing of the boundary points. Provided that there are no large gaps in the boundary and all significant features of the boundary are well represented by data points, a reasonable estimate of the centroid is obtained.
The Fourier formulation
The radial descriptor can be represented by the series
where C n and φ n , are the amplitude and phase for the nth harmonic and ω = 2π/T , where T is the period of the signal. The coefficients of the series are computed from
For irregularly spaced discrete points, which is generally the case when the (x, y) coordinates of the profile are converted into polar coordinates, the integrals in equations (4) are converted to summations, namely
where K is the total number of discrete points in a profile. It is possible to approximate a curve through any three points with a quadratic equation, so that
Consider the evaluation of A n from equations (4) using a set of quadratic equations like (6) to approximate the signal:
where ω = 2π/T . Determining the integral by parts gives
Integrating by parts also allows us to re-write the second integral as
Recombining these components gives
The coefficients A 0 and B n may be similarly derived, and the constants L i , M i and N i are determined for each quadratic function by solving the simultaneous equations obtained for each set of three consecutive points; that is, for function i
where (y i , t i ), (y i+1 , t i+1 ) and (y i+2 , t i+2 ) are three consecutive points. Thus the coefficients of the Fourier series can be directly obtained from the coordinates of the points representing the signal profile. Although programming the above was reasonably straightforward, it required a great deal of computation time and its efficiency was examined in detail. It was found that the distance between the polar coordinates was relatively small compared with the period of the signal. Therefore the error resulting from the use of a step function to approximate the signal instead of a series of quadratic equations would be very small. Consider the calculation of A n for a signal described by K discrete points in one complete period, T . From equation (4b) we have
As the period of a signal is one complete revolution of a profile, we can write T = 2π . Deriving the coefficients B n and A 0 in the same way we have
It is clear that these numerical equations would require much less computation than those derived from a series of quadratics. In addition the level of accuracy achieved was more than adequate for the application. Efficiency was improved by arranging the algorithm such that each harmonic was updated upon the input of a polar coordinate. In this way the trigonometrical functions for sine and cosine only had to be performed once for every polar coordinate; the sine and cosine values for subsequent harmonics being determined from standard trigonometrical relationships. This greater use of multiplication operations instead of trigonometrical functions reduced the processing by a factor of 2 1 2 , and this was increased further by using 'look-up' tables for the sines and cosines. Taking into account the fact that the last point of the periodic signal was the same as the first, it was possible to reduce the number of trigonometrical operations:
This reduced processing time by a further 50%. Experience with typical profiles has shown that the first ten harmonics are quite sufficient for representing the deformed profiles found in most applications involving circular and oval pipe sections. The constant term A 0 represents the circular component and, for a perfect circle, all harmonics should be zero, leaving A 0 equal to the radius of the circle. 
Coordinate sorting
Because the segmentation was done in four separate but overlapping sections, the coordinates of all profile points had to be sorted into a clockwise order, based on their polar angles. This sorted array was essential input for the centroid and Fourier calculations, and, for the first centroid computation, the data were sorted using an assumed centroid. The data from each section were placed into the main data array in clockwise order and the points lying in the overlapping areas were then sorted using a sift sorting procedure [2] . A new centroid was calculated and the process was repeated until no data points were re-ordered.
Removal of error points (cleaning)
As mentioned in section 3, after segmentation there still remained a number of false points in the profile image, caused by optical and electrical noise. To obtain a correct mathematical model, these points had to be removed, but initially there was no mathematical model, so the correct profile could be any kind of continuous shape. After some experimentation, it was found that a Fourier model with restricted numbers of harmonics (typically three) derived from all the profile coordinates could be used as a test object and the threshold for deleting points from the data set was taken to be various multiples of the standard deviation of the radial coordinate from the model. This technique would only work well if the number of error points were significantly less than the number of correct data points, typically less than 30%. The final version of the error removal ('cleaning') routine involved an iterative procedure which decided the multiples of standard deviation for thresholding on the value of the ratio of the standard deviation and the mean radius (A 0 ). When the ratio was large (> 10%), then the multiplier was reduced, which limited the threshold value to prevent correct data points being deleted. As the ratio decreased with successive iterations of deleted points, so the multiplier was increased, up to a maximum of 4, allowing error points closer and closer to the profile to be deleted. Figure 4 (a) shows the profile coordinates of an elliptically deformed pipe, with breaks at the base of the profile and error points derived from other objects in the pipe. The initial Fourier model using three harmonics is shown overlying these coordinates. After repeating the deletion procedure three times, all the error points were removed and the standard-deviation-to-mean-radius ratio reduced to 0.3%. A final radial Fourier analysis using 12 harmonics gave the resulting fit shown in figure 4(b) , with the model providing a smooth curve through the gaps in the profile.
The main disadvantage of this procedure was that profile points at sudden changes in the profile were almost always deleted together with the error points. Figure 5 shows the removal of error points and the 'corners' of an irregular shape. Such a shape could not be represented accurately with a continuous function, but the general features are retained. 
Global parameters
Although the Fourier model generally gave a good fit to quite complex profiles and reduced the representation of the profile to a few numbers, the values of the Fourier terms do not give immediately useful information like the aspect ratio or the roundness factor. The Fourier terms are orthogonal, each term representing a symmetry component in the profile. Figure 6 shows artificial profiles produced by adding a single harmonic to the constant term A 0 . Each harmonic represents a symmetry condition corresponding to the harmonic number, for example harmonic number 3 represents a tri-diagonal symmetry. This may prove useful in understanding pipe distortion characteristics under certain circumstances but the distorted profile can only be represented accurately by adding all harmonics together in the Fourier series.
For immediate understanding of distortion, the Fourier model was used to find maximum and minimum diameters of profiles, as shown in figure 4 (b). These were used to calculate a percentage distortion from a circular shape.
The constant term A 0 represents a perfect circle and, for circular profiles, all harmonics are virtually zero (some rounding errors will occur). When a circular pipe is distorted, the resulting constant term A 0 will stay the same for all levels of distortion, provided that a fixed centroid is used, and that there is no change in perimeter, which is usually the case.
This arises because, when the radial Fourier series is integrated with respect to polar angle around the whole profile, the harmonics sum to zero and the resulting integral equals 2πA 0 , the profile circumference. This fact can be useful in comparing distorted profiles with the original circular shape. In order to compare shapes of different sizes, the harmonic amplitudes should be scaled by 1/A 0 .
The optical system
The light ring projector is fixed rigidly to the camera trolley, figure 1 , and projects the light ring perpendicular to the optic axis of the system. Because the system is designed to cope with a fairly broad intensity peak across the light ring, a fairly simple optical projector could be used, figure  7(a) . A central tungsten bulb with a flat filament is centred between two annuli which act as a collimator. The width of the ring can be controlled by the width and separation of the annuli. This is not optically very efficient and wastes a lot of light, which can be very important in transportable systems with limited power. A system was produced with an annular condensing lens made from Perspex, figure 7(b) but the heat from the lamp distorted the plastic. Any focusing optics must be made from glass.
For a compact system, the camera lens must be one of very short focus, preferably less than 6 mm, although this will depend on the size of the CCD array. The small size of modern arrays necessitates very short focal lenses for wide-angle viewing. To allow for movement of the light ring within the image, it was found that the ring should be focused within the three quarters of the smallest dimension of the image area. With current CCTV lenses, this means that the angle subtended by the light ring at the camera lens cannot be much bigger than 90
• so that the light projector must be placed at a distance equal to half the pipe diameter in front of the camera lens. With the camera system used by the authors, the projector had to be placed at a distance equal to twice the pipe diameter in front of the lens. This was a rather cumbersome system, especially for large pipe diameters. Short-focal-length lenses can produce significant optical distortion, but it should be possible to correct these errors in software.
An alternative to very-short-focal-length lenses is some form of catadioptic system, figure 8. This system halves the distance between camera and projector at the expense of a rather expensive double mirror attachment. A commercial version was made from solid Perspex, figure 9.
For pipe inspection, it is fairly easy to arrange a sledge to carry the camera and projector, and to maintain alignment of the optical axis with the pipe axis to better than within 1
• . If the sledge rides over an obstruction, this parallelism will be lost and the profile will appear distorted, with a circular profile appearing elliptical. This distortion, expressed as a fractional difference between maximum and minimum diameters, varies as (1 − cos θ ), where θ is the angle between the optical and pipe axes. For an apparent distortion of 1%, the angle must reach 7
• , which would only be caused by quite a large obstruction. It is fairly easy to detect any significant obstruction, because the light ring image will move off-centre from the image plane. It is possible to derive a correction system in software based on the light ring movement, but experience has shown that this is not really worth the effort. 
Calibration and testing
The hardware
All the following tests were undertaken by using a Pearpoint Flexiprobe survey camera [4] mounted on an adjustable sledge, with a simple light ring projector fixed to the sledge. The frame store was a custom-designed unit built by the Swansea Microprocessor Centre, with a digitizing rate of 384 horizontally by 288 vertically. The frame store was connected to a PC by a GPIB interface. The Flexiprobe camera is an encapsulated camera, suitable for harsh environments, with a portable control box for use in the field (see figure 9 ).
Calibration
It proved difficult to obtain large-diameter pipes (greater than 100 mm diameter) with negligible ovality (< 0.1%), and the calibration of different camera systems was performed using a 200 mm diameter machined disc as a target. The disc had a raised lip at its circumference, 2.5 mm wide by 2 mm high, and the lip was painted white with the rest of the disc being painted matt black. When viewed by the camera system, the white ring emulated the appearance of a light ring projected onto a pipe wall by the projector. The target was aligned perpendicular to the camera axis with the help of a mirror and collimator system. Calibration pictures were taken with the camera rotated by 0
• and 90
• about the optic axis. In general, it was found that the camera system had a built-in distortion of 1.8%. This was associated with small spacing errors in the CCD array rather than with its misalignment in the cameras. These 'errors' were corrected by scaling the coordinates of one axis in the CCD array. After this scaling, it was found that errors were generally less than 0.2% of the diameter. This compares well with the value of 0.25% from mechanical gauging devices [3] .
The calibration errors were independent of the number of lines and columns scanned by the frame store (maximum 384 rows by 288 columns), until the number of points in the profile became much less than 80. It was found convenient to use every other row and every other column in the frame store, which produced around 120 points in a profile targeted on the three quarter points in the CCD array.
Reproducibility of pipe measurements
The camera with light ring projector attached was placed in a 250 mm diameter plastic pipe with a 5% vertical deflection produced by a vertical load. Three sets of profiles were captured and analysed, with different numbers of sampling points used for each set. The scatter was independent of sampling rate, as found in the calibration tests, and errors were less than 0.2% of diameter, as before. The test was repeated with variations in the camera iris control, causing the light ring image to vary in brightness and width, but the maximum coefficient of variation was again less than 0.2%.
The accuracy of light-ring measurements
The 250 mm plastic pipe was instrumented with two diametrically opposite horizontal dial gauges placed externally on the pipe and on the same cross section as the light ring. The pipe was loaded vertically and readings taken at different loads. The measured deflections varied from 2 to 16 mm, and the difference between the dial gauge readings and the light ring profile measurement was only 0.2% of the diameter or less.
Applications
Sewer investigation
The Flexiprobe system has been used to examine both vitrified clay and plastic sewer pipes. Vitrified clay (VC) pipes do not deform significantly (< 2%) until they have cracked and cracks are not usually a problem until there is some significant displacement in the pipe, which is usually a consequence of the pipe rotating about the cracks. Plastic pipes deform in a continuous fashion, but if the maximum displacement exceeds 10% of diameter, there is a danger of collapse by elastic instability.
Several VC sewer pipes, with diameters of 200-250 mm, were examined in Swansea, but the cross sections were always perfectly circular, even though one section of pipe had a visible crack in it. This lack of deformation helped convince the Swansea City Engineer that no immediate action should be taken.
In Dorking, some new plastic sewer pipes had to be checked for any excessive deformation due to backfilling. The limitation on initial compressive deflection was 7% and, although this was just exceeded in one pipe, the maximum deflection occurred in the pipe side wall. The presence of side-wall deflection was unexpected by the contractor because he had not realized the danger of excessive compaction of the side bedding material. These measurements were confirmed by a mechanical measuring instrument, but this could not distinguish between vertical and horizontal deflection.
Water mains refurbishment
Most local water mains in the past have been constructed from 100 mm diameter cast iron pipes. In certain areas with slightly acidic water, the pipes have corroded, leading to a deterioration in water quality. Where possible, the pipes are being refurbished by scraping the pipes clean and re-coating them either with a plastic or with a mortar lining.
During refurbishment in Swansea, newly scraped pipes and pipes re-lined with mortar were examined with a modified version of the profile system. A new Flexiprobe camera (uncontaminated by sewer inspection) was mounted in a small cage with a miniature light projector, suitable for 100 mm diameter pipes.
All scraped pipes showed circular cross sections and the main interest here for the water engineers was the average diameter of these newly scraped pipes. After checking the scraped pipes, the pipes were re-lined with mortar and, before the pipes were closed off for use, the re-lined pipes were examined by the profile instrument. The thickness of the mortar linings was calculated, using the average diameter of the scraped pipes as a reference. The shapes of the mortar linings were also examined, because poorly prepared mortar can slump and give too thick a coating at the bottom and too thin a coating at the top. The average coating should be 6 ± 1 mm, but this was rarely achieved. A typical profile of a slumped coating is shown in figure 10 . The degree of slumping would be calculated from the ratio of maximum to minimum diameters, and a simple routine was added to the software to perform this calculation and check against a tolerance input by the operator.
Automatic pipe inspection
The experience with the scraped and re-lined water pipes, plus the availability of mechanical measuring devices [3] , which could be pulled through pipes quite quickly, showed that there was a use for a profiling device which could check profiles quickly against a standard shape whilst moving continuously through the pipe, but could be stopped in areas of excessive deformation to take more detailed measurements. The procedure was limited to circular pipes, although in principle it could be applied to any continuous oval shape.
The principle of the process was to calculate a profile as quickly as possible, check against the standard profile (a circle) and then stop the process if the check showed deviations outside some user-specified tolerances. If not, the process was repeated continuously until interrupted by a keyboard command. This allowed the operator to move the profiler through the pipe without unnecessary stops.
Because the cleaning routines (section 4.5) had shown that a three-harmonic profile was necessary as a minimum requirement, this was used for final profile extraction. From Nyquist's sampling theory, this means that at least eight evenly spaced profile points are needed to calculate the constant plus three harmonics, but experimentation showed that 20-30 points were needed for the uneven spacing found in practice. This number of points was obtained by scanning the profile with a one-in-24 line and column sample rate.
Three conditions were checked to establish out-ofroundness: the squares of the sums of the harmonics were compared with a user-specified tolerance; the standard deviation of the radial difference between the final Fourier model and the data points was checked against a fixed tolerance; and the number of data points surviving the cleaning process had to exceed the number of equations to be solved.
A circular profile should have negligible harmonic values and, when they are significant, the maximum and minimum diameters can be found from the radial variation given by equation (3) . For a simple check, it suffices to compute the tolerance from Experimentation showed that, if the tolerance was set at 5%, the real distortion was always more than 4%. This criterion will always be conservative, because it ignores the relative phases. The test for a poor fit by the mathematical model to the raw data was included for those cases in which the mathematical model was too simplified to represent the actual profile, but still left the second and third harmonics with small values, for example the deformation into a square shape, which requires a significant fourth-order harmonic to provide a good fit.
Using a perfect circle as a target, and allowing for the fact that the image segmentation returns coordinates to the nearest half pixel, it was found that the standard deviation of the difference between coordinate and mathematical radial differences was always around 0.3 pixels. (This value seemed to be independent of the number of points in the profile.) After some experiments with distorted profiles, it was found that a standard deviation of 0.7 usually indicated that the three-harmonic model was starting to miss some raw image points noticeably and so this value was chosen as the fixed threshold.
Using software written in C and compiled for an 8 MHz 68000 processor, which controlled the frame store, it was possible to perform all the above operations at a rate of six profiles per second (the frame rate was 25 per second). A more modern processor could probably work at the frame rate, but the rate of six profiles per second was quite satisfactory for most inspection work. Once the automatic processing had been stopped by one of the out-oftolerance conditions, a full profile was taken and displayed for inspection.
Conclusions
A profile attachment has been designed and tested for CCTV pipe inspection, with particular reference to the water industry. The equipment comprises a light ring projector, a frame grabber with processing facilities and a digital display. The latter items can be provided by a frame store plugged into a transportable microcomputer.
The light ring projector has to be placed in front of the CCTV camera, which can be a drawback when the camera lens has a small viewing angle. Very-short-focallength lenses are available for CCTV cameras and these are essential for a compact system. Solid state cameras are essential, in order to maintain dimensional stability. Using commercial cameras with CCD arrays, an overall accuracy of 0.2% of diameter was obtained without sub-pixel interpolation. Using frame stores with rather old microprocessors, light-ring images with approximately 120 points could be processed in 5-10 s. A special automatic version for circular pipes worked at six images per second.
A prototype version of the equipment was used in conjunction with a commercial CCTV survey camera to inspect and measure both sewers and water pipes, ranging in diameter from 100 to 250 mm. The results demonstrated important features of internal pipe shape which could be used by the water engineers to assess refurbishment priorities.
